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Bacterial and endotoxin permeability of hemodialysis mem-
branes. Dialysis fluids containing at least l0 bacteria per millili-
ter and as much as 12,500 ng of endotoxin equivalents per millili-
ter were dialyzed and ultrafiltered with three types of disposable
hemodialyzers. Neither bacteria nor endotoxin, as measured by
the Limulus lysate assay, was detected in the sterile com-
partment despite ultrafiltration. Under these favorable condi-
tions for endotoxin transfer, the maximum transfer rate was cal-
culated to be less than 3.5 ng of endotoxin equivalents per hour.
At this rate, it is unlikely that pyrexia during hemodialysis is due
to the transfer of endotoxin across an intact dialyzing membrane.
Provided that the integrity of the dialyzing membrane is main-
tamed, this investigation indicates that the risk of endotoxemia
or bacteremia associated with the use of contaminated dialysis
fluids is negligible.
Perméabilité des membranes d'hémodialyse aux bactéries et aux
endotoxines. Des liquides de dialyse contenant au moms l0 bac-
téries/mi et 12500 nglml d'equivalent d'endotoxine ont été dialy-
sés et ultrafiltrés avec trois modèles de dialyseurs a usage
unique. Ni bactenes ni endotoxines n'ont été détectées dans le
compartiment sterile, par la méthode de la lyse de Limulus,
malgré l'ultrafiltration. Dans ces conditions favorables au trans-
fert d'endotoxine le debit de transfert maximum calculé est in-
férieur a 3,5 ng d'équivalent d'endotoxine par heure. A ce debit,
il est peu probable que la fièvre au cours de l'hemodyalise soit
due au transfert d'endotoxine a travers une membrane de dialyse
intacte. Dans Ia mesure oü l'intégrité des membranes de dialyse
est assurée, les résultats indiquent que le risque d'endotoxi-
némie ou de bactériémie, lors de l'utilisation de liquides de
dialyse contaminés, est negligeable.
The pyrogenicity of endotoxin [1] and the fre-
quent colonization of hemodialysis water systems
by gram-negative bacteria [2] suggest that endo-
toxin is involved in hemodialysis-associated pyro-
genic reactions. In the literature, three lines of in-
direct evidence have implicated endotoxin as the
pyrogen responsible for these reactions: (1) detec-
tion of antibody in hemodialysis patients to endo-
toxins extracted from bacteria present in dialysate
[3, 4], (2) Limulus lysate reactivity of plasma from
hemodialysis patients experiencing pyrexia [5, 6],
and (3) association of pyrogenic reactions with
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gram-negative bacterial contamination of hemo-
dialysis fluids [7, 8].
It has been surmised that endotoxin in dialysis
fluids gains access to the patient's bloodstream via
the dialyzing membrane. The permeability of hemo-
dialysis membranes to endotoxin was tested direct-
ly in only one study which reported transfer in two
of six trials with coil and Kiil hemodialyzers [5].
Since that study, the sensitivity of the Limulus ly-
sate assay (LLA) has been improved [10] and other
commercial hemodialyzers have been introduced.
Pyrogenic reactions have been reported as a fre-
quent complication in hemodialysis patients [9]. In
recent years, we have rarely encountered pyrogenic
reactions at University Hospital, despite a marked
increase in the number of hemodialysis patients.
The apparent reduction in the incidence of reactions
appears to be related temporally with the in-
troduction of sterile, disposable hemodialyzers.
The present study was designed to determine if bac-
teria or endotoxin in dialysate can be transferred
across the dialyzing membrane in three types of
sterile, disposable hemodialyzers currently in clini-
cal use.
Methods
Endotoxin determinations. Endotoxin was mea-
sured with the Limulus lysate assay (LLA) [11]. In
the test procedure, equal volumes (0.1 ml) of solu-
tions to be tested and Limulus lysate (Associates of
Cape Cod, Inc., Woods Hole, Massachusetts) were
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Fig. 1. Dialysis culture system.
mixed in sterile, pyrogen-free, 10X75-mm glass
test tubes and incubated in a water bath at 37° C
for 1 hour. The formation of a firm gel that could
be inverted twice without breaking was considered
a positive test. For quantitative determinations,
samples were serially diluted tenfold (0.1-mi sam-
ple, 0.9-mi diiuent) with sterile water for injec-
tion (USP).
Both negative and positive controls were run with
each test. Sterile, pyrogen-free water was used as
the negative control. Pyrotol-positive control (Difco
Labs., Inc., Detroit, Michigan) was used as the pos-
itive control. Dialysis fluids incubated at 38° C for
24 hours in the commercial hemodialyzers included
in this study were spiked with endotoxin and tested
for inhibition of the LLA. Sample endotoxin con-
centrations are expressed as endotoxin equivalents
relative to the LLA reactivity of a known mass of
endotoxin standard [12].
Bacteriology. The following naturally occurring
bacteria, with reference codes noted parenthetical-
ly, were isolated from the hemodialysis water sup-
ply by repeated dilution and regrowth in water with-
out exposure to laboratory culture media [13]: CDC
group VA biotype 1 (NN-3), Pseudomonas alcali-
genes (N-2), Acinetobacter Iwoffi (AN-5), Pseudo-
monas cepacia (UN-i), CDC group VE biotype 2
(YN-2), Pseudomonas aeruginosa (NOPS), and
Pseudotnonas aeruginosa (PS-8). Cultures were
maintained at room temperature in filter-sterilized
deionized water and identified by standard bacterio-
logic methods [14, 15].
Spent dialysate used as a growth medium was
collected during the first hour of a clinical hemo-
dialysis procedure and sterilized by membrane fil-
tration. For growth studies, duplicate aliquots of se-
rial tenfold dilutions were plated in trypticase soy
agar. Cultures were incubated at 35° C for 48 hours,
and colonies were counted with a Quebec colony
counter.
Sterile reservoir aliquots (5.0 ml) were tested for
sterility by culturing in brain-heart infusion (Difco
Labs., Inc., Detroit, Michigan). Cultures were in-
cubated at 35° C for 1 week.
Experimental set-up. The dialysis system is illus-
trated in Fig. 1. The temperature was maintained at
38° C in the sterile and culture circuits. The follow-
ing presterilized, disposable hemodialyzers were
used: Para-Flo 1.0 m2 (Travenol Labs., Inc.,
Deerfield, Illinois), Gambro Lundia Nova 17 m
(Gambro, Inc., Northbrook, Illinois), EX-23 (Ex-
tracorporeal Medical Specialties, Inc., King of
Prussia, Pennsylvania), and Cordis Dow l.3D (Cor-
dis Dow Corp., Miami, Florida).
Approximately 200 ml of dialysis fluid prepared
with sterile water for injection (USP) was recircu-
lated with a blood pump (Travenol Labs., Inc.)
through the sterile compartment of the dialyzer at a
flow rate of 200 mllmin. Glassware used in the ster-
ile circuit was sterilized and depyrogenated by auto-
claving at 121° C for 1 hour and baking in a hot air
oven at 180° C for 4 hours. Hemodialysis blood
lines (Travenol Labs., Inc.) were used to complete
the sterile circuit.
One liter of bacterial culture in spent dialysate
was recirculated through the contaminated com-
partment of the dialyzer at a flow rate of 500 mllmin.
To maximize the bacterial density and endotoxin
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concentration in the culture circuit, we incubated
the bacterial culture at least 72 hours prior to use.
With parallel plate (Gambro and Travenol) and
hollowfiber (Cordis Dow) dialyzers, a clamp was
applied to the dialysate outlet line. The resultant
transmembrane pressure (TMP) of approximately
150 mm Hg allowed for ultrafiltration of the culture
circuit and collection of the ultrafiltrate in the sterile
circuit. In experiments with parallel plate dialyzers,
the dialyzer compartments were reversed so that
the bacterial culture flowed through the blood com-
partment and the sterile fluid flowed through the
dialysate compartment.
At 30-mm intervals, samples for bacteria and
endotoxin were obtained aseptically with needle
and syringe through the latex rubber sleeve in the
sterile circuit tubing. The culture reservoir was ex-
hausted within 2 to 3 hours, and final samples from
the sterile and culture reservoirs were obtained for
culture and endotoxin determinations.
Table!. Growth characteristics of naturally occurring bacteria in
spent dialysate
Bacteria
code
Mean
generation timea
hr
Stationary-phase
bacteria
cfulml
Culture endotoxin
equivalents
ng/ml
NN-3 2.0 3.0 x 10 1.25 x 10
N-2 1.3 1.0 x l0 1.25 x l0
AN-5 2.0 2.0 x 10 1.25 x 10
UN-l 1.4 3.0 x 10 1.25 x 102
YN-2 2.1 1.2 x 10 1.25 x 101
MOPS 1.2 6.0 x l0 1.25 x 10
PS-8 1.2 6.0 x 10 1.25 x l0
0.301ta Mean generation time =
—
, where x0 is number
og1ox1 og10x0
of bacteria at initial time; Xt, number of bacteria at a later time, t;
t, length from x0 to x1, expressed in hours.
In experiments with the coil dialyzer, the TMP
was negligible (about 10 mm Hg), and dialysis was
continued for 24 hours. At the onset, midpoint, and
end of dialysis, samples were obtained for culture
and endotoxin determinations.
Results
In the dialysate-culture circuit, the final bacterial
densities ranged from l0 to 108 bacterialml, and the
equivalent endotoxin concentrations ranged from
12.5 to 12,500 ng/ml. Growth characteristics of the
seven different naturally occurring bacteria used in
these experiments are presented in Table 1.
The commercial dialyzers and bacteria used in
this study are shown in Table 2. In 26 experiments
with parallel plate and hollow-fiber dialyzers, the
transmembrane pressure allowed collection of ap-
proximately 500 ml of ultrafiltrate in the sterile cir-
cuit over a 2- to 3-hour period. Neither bacteria nor
endotoxin was detected in a total of 156 sterile cir-
cuit samples from these experiments. Similarly, all
18 samples obtained from the sterile circuit during
six prolonged dialysis experiments with the coil
dialyzer were sterile and unreactive in the LLA.
The minimum sensitivity of the LLA in all experi-
ments was 0.015 ng of endotoxin standard per mil-
liliter. Samples of dialysis fluids incubated in dialy-
zers and then spiked with endotoxin did not inhibit
or alter the sensitivity of the LLA.
Discussion
This investigation was designed to measure the
transfer of endotoxin or bacteria from dialysate to
the sterile compartment in commercial, disposable
hemodialyzers. Although several features of our
studies were intended to optimize transfer, neither
bacteria nor endotoxin was detected in 174 sterile
Table 2. Number of experiments with specific dialyzer-bacteria combinations
Bacteria code
Dialyzera
Gambrob
CU, 17 m
Para-Flo"
CU, 11.5 j.m
Cordis Dow"
CE, 30
Extracorporeale
CU, 18 tm
NN-3
N-2
AN-5
UN-I
YN-2
NOPS
PS-8
2
2
2
2
2
2
2
0
0
0
2
2
0
2
0
0
0
2
2
0
2
0
0
0
2
2
0
2
a CU is cuprophan; CE, cellophane; and membrane thickness is in micrometers.
Experiments of 2 to 3 hours' duration
Experiments of 24 hours' duration
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circuit samples obtained during 32 experiments with
16 different dialyzer-bacteria combinations.
The permeability or impermeability of mem-
branes to large molecules is dependent upon pres-
sure gradient and the resultant membrane stretch-
ing, as well as the initial pore size and thickness
[16]. Hemodialysis imposes a discrimination by mo-
lecular size in the rate of solute transfer such that
smaller solutes having higher membrane per-
meability are removed at a faster rate than are
larger solutes. With ultrafiltration, membrane per-
meability to larger molecules increases and permits
a transfer rate close to that of smaller molecules
[17].
In clinical hemodialysis, the higher pressure in
the blood compartment limits the potential for mac-
romolecule transfer from dialysate to blood. In con-
trast to normal clinical conditions, the pressure gra-
dient in most of our experiments was reversed to
permit ultrafiltration of dialysate and to improve the
potential for transfer of macromolecules to the ster-
ile compartment. Even under these favorable condi-
tions, the transfer of Limulus lysate-reactive mate-
rial was not detected.
Dialysate cultures in our experiments contained
at least 10 bacterialml and as much as 12,500 ng of
endotoxin equivalents per milliliter, levels which
are substantially higher than those reported to be
associated with pyrogenic reactions. In a report of
endotoxemia in febrile reactions during hemo-
dialysis, Raij, Shapiro, and Michael [5] measured
dialysate endotoxin concentrations as low as 5 x
10 to 5 x 102 ng endotoxin/ml. In an epidemic of
pyrogenic reactions reported by Favero et al [7], a
high attack rate of 13% was associated with dialy-
sate bacterial counts of 102 to 10 bacterialml; unfor-
tunately, endotoxin concentrations were not mea-
sured. With the excessive bacterial and endotoxin
contamination in our experiments, transfer should
have been detected if endotoxin, as measured with
the LLA, is involved in these reactions.
If endotoxin passes through a dialysis membrane,
about 3.5 x l0 ng/min could be transferred during
ultrafiltration of 500 ml of contaminated dialysate
over a 3-hour period (12,500 ng/ml x 500 mlll8O
mm). At a flow rate of 200 ml/min, a single pass
through the hemodialyzer should result in an endo-
toxin concentration of about 175 nglml in the sterile
circuit outlet line (3.5 X 10 ng/min 200 mllmin).
The LLA in our studies had a minimum sensitivity
of 0.015 ng of endotoxin standard per milliliter.
Therefore, the maximum endotoxin transfer by
solvent drag must have been less than 0.000 1 of that
for smaller molecules (0.015 ng/ml 175 nglml).
This low transmittance coefficient (<0.01%) is ex-
pected for a molecule as large as endotoxin (approx-
imate mol wt, 10 daltons [I]), since the reported
coefficient for the smaller albumin molecule (mol
wt, 44,000 daltons) is 0.2% [17].
The Limulus lysate assay used throughout this in-
vestigation has been shown to be the most sensitive
method currently available for the detection of
endotoxin [18-20]. It has been licensed recently by
the Food and Drug Administration as an alternative
for the rabbit test for detecting pyrogens in biologic
products and medical devices [21]. With test condi-
tions optimal for the transfer of endotoxin, ultrafil-
trate collected in our experiments was unreactive in
an LLA sensitive to as little as 0.015 ng of endotoxin
standard per milliliter. The total equivalent mass of
endotoxin in 700 ml of fluid (500 ml of ultrafiltrate +
200 ml of priming fluid) collected over 3 hours could
not exceed 10.5 ng (700 ml x 0.015 ng/ml) without
being detected in the LLA. Therefore, the maxi-
mum total endotoxin transfer rate must have been
less than 3.5 ng of endotoxin equivalents per hour
(10.5 ng 3 hr).
Pyrogenicity studies indicate that the minimum
pyrogenic dose of endotoxin for a man is in the
range of 1 to 2 ng/kg of body wt [22]. Thus, a total
dose of 70 to 140 ng of endotoxin to a 70-kg man
should elicit a minimum febrile response. Appli-
cation of the above calculations indicates that even
with a transmembrane pressure favoring ultrafiltra-
tion of grossly contaminated dialysate into the pa-
tient, a pyrogenic reaction would not be expected to
occur before 20 hours (70 ng 3.5 ng/hr) of continu-
ous hemodialysis.
Hemodialysis procedures with older equipment
would commonly last 10 hours, but rarely exceed 12
hours. With the currently available equipment,, he-
modialysis procedures have been shortened to 4 to
6 hours. Pyrogenic reactions associated with hemo-
dialysis can occur up to 1 hour after termination of
the dialysis procedure [231. In the epidemics of
pyrogenic reaction reported by Hind man et al [6]
and Petersen et al [24], the mean times of onset after
initiation of dialysis were 178 and 180 mm, respec-
tively. On the basis of the data from our experi-
ments, pyrogenic reactions associated with hemo-
dialysis cannot be attributed to the passage of endo-
toxin, as assayed by the LLA, through intact
hemodialysis membranes.
Bacterial contamination of the sterile circuit was
not detected in any of the 32 experiments included
in our study. Although it is conceivable that ex-
tremely low levels of contamination could elude de-
tection, the test conditions were selected to maxi-
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mize the possibility of bacterial penetration. Fur-
thermore, the inability to demonstrate the passage
of a smaller molecule, bacterial endotoxin, in-
dicates that the probability of bacterial penetration
is remote. Therefore, bacteremia does not appear to
be associated with penetration of intact hemo-
dialysis membranes, but requires defects in the dia-
lyzing membrane or contamination through other
routes.
The apparent impermeability of hemodialysis
membranes to endotoxin is intriguing in light of pre-
vious reports regarding hemodialysis-associated
pyrogenic reactions. Many of these reports were
based upon experiences with the Kiil hemodialyzer
[5, 9, 25, 28]. The gaskets of this dialyzer have been
implicated as a microbial reservoir, which is diffi-
cult to sterilize, and thus may serve as a portal of
entry to the blood compartment [25-271. Further-
more, contamination of the membranes during wet
chemical sterilization has been reported [28]. The
involvement of endotoxin under these conditions is
likely; direct avenues for contamination of the
blood compartment preclude, however, speculation
regarding endotoxin penetration of intact mem-
branes.
Antibody to endotoxin that has been detected in
patients dialyzed with the Kiil hemodialyzer [3, 4]
may be explained by trace amounts of endotoxin
passing through an intact dialyzing membrane. Dur-
ing long-term hemodialysis, however, occasional
blood leaks or contamination of the dialyzer blood
compartment may also account for exposure to
endotoxin. Furthermore, patients with chronic re-
nal failure have been reported to be more suscep-
tible to infection [29] and, therefore, the antibody
detected in patients on hemodialysis may be in re-
sponse to infection acquired by routes other than
parenteral exposure during hemodialysis. Although
specific antibody production indicates exposure to
endotoxin, conclusions regarding membrane per-
meability to endotoxin cannot be substantiated.
Reports of endotoxemia as the cause of hemo-
dialysis-associated pyrexia may be explained by the
limitations of the LLA. Several recent reports in-
dicate that false-positive results can occur in the
LLA for endotoxin in biologic fluids [30-341. Con-
tamination of reagents can be controlled, but false-
positive results due to substances other than endo-
toxin cannot be detected with internal controls. It is
conceivable that the LLA reactivity of plasma from
febrile hemodialysis patients, as reported by Raij et
al [5] and Hindman et al [6], was due to a substance
other than endotoxin and, therefore, cannot be
taken as proof of endotoxemia.
There are several conditions which may result di
rectly in bacterial or endotoxin contamination of the
hemodialyzer blood compartment. Problems with
manual assembly or failures in sterilization may ac-
count for many of the pyrogenic reactions reported
in earlier literature. Under these conditions, the in-
volvement of endotoxin is likely. Similarly, endo-
toxin may cause sporadic pyrogenic reactions with
disposable hemodialyzers if the dialyzing mem-
brane is damaged. Such defects may occur during
manufacture or result from mishandling of hemo-
dialyzers during transportation or storage. In addi-
tion, the blood circuit may be contaminated by the
use of nonsterile parenteral infusions or medica-
tions. One of us (MSF) recently investigated in a
dialysis unit an outbreak of bacteremias apparently
related to extrinsic contamination of priming solu-
tions.
The reported association between pyrogenic re-
actions and excessive bacterial contamination of
hemodialysis fluids [7, 8] and the abrupt termination
of an epidemic of pyrogenic reactions after thor-
ough disinfection of the hemodialysis water system
[24] strongly suggests the involvement of a micro-
bial pyrogen. The assumption that this pyrogen is
endotoxin is challenged by our demonstration of the
impermeability of commercial dialysis membranes
to Limulus lysate-reactive material. The occurrence
of outbreaks of pyrogenic reactions despite the use
of presterilized hemodialyzers and in the absence of
apparent membrane defects suggests that pyrogens
other than endotoxin may be involved. Quarles et al
[35] detected a dialyzable bacterial pyrogen in their
goat -Serratia marcescens hemodialysis studies.
The maximal molecular size of this toxic material,
defined relative to a rigid globular protein or a flex-
ible fibrous polyglycol, was substantially smaller
than native endotoxin. Future investigations should
consider the involvement of such smaller pyrogens
in the pathogenesis of hemodialysis-associated py-
rexia.
The results of this investigation cannot be extend-
ed to conclude that hemodialysis with grossly con-
taminated fluids is without consequence. It is pos-
sible that microbial pyrogens, unreactive in the
LLA or produced by microbes other than those
studied, play an etiologic role in hemodialysis fe-
vers. Excessive bacterial contamination of dialysis
fluids may constitute a potential infectious hazard
to hemodialysis patients, particularly if a break in
the membrane occurs during dialysis. Furthermore,
microbes from the hemodialysis unit may con-
taminate other fluid systems and be spread to other
areas of the hospital. The results of our investiga-
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tion do not contradict the maintenance of micro-
biologic standards for hemodialysis fluids.
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